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1. Introduction

Luminescent metal-organic frameworks (LMOFs) are light-
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A Water-Stable Luminescent Zn-MOF Based on a Conjugated
n-electron Ligand as an Efficient Sensor for Atorvastatin and Its
Application in Pharmaceutical Samples

Luis D. Rosales-Vazquez,® Josue Valdes-Garcia,?® J. M. German-Acacio,” José C. Pdez-Franco,? Diego
Martinez-Otero,¢ Alfredo R. Vilchis-Néstor, Joaquin Barroso-Flores,® Victor Sdnchez-Mendieta" and
Alejandro Dorazco-Gonzélez?”

Atorvastatin is amongst the most worldwide-prescribed drugs for cholesterol-lowering treatment. In this work, a novel
water-stable 3D porous metal-organic framework {[Zns(Htptc),]:(H,0);3(CH3sCH,0H)34},, 1 (Hstptc= terphenyl-3,3",5,5"-
tetracarboxylic acid) was synthesized, structurally determined by single-crystal X-ray diffraction, and studied in-depth as a
luminescent sensor for a series of statins and common biological ions (oxyanions, dicarboxylates, citrate, and adenosine 5'-
triphosphate) in 20% aqueous ethanol. The luminescence of 1 can be effectively quenched by atorvastatin (Ks,= 1.40 x 10°
M-1) with a pronounced selectivity over other typical statins such as fluvastatin, pravastatin, and rosuvastatin. The efficient
quenching response exhibits excellent selectivity even in the presence of coexisting species in blood plasma and urine with
a detection limit of 4.2 umol L. On the basis of multiple spectroscopic tools (fluorescence, UV-Vis, powder X-ray diffraction,
lifetimes), the crystal structure of 1, SEM observations, EDS analysis, and DFT calculations, the sensing mechanism is
proposed via a static-complexation PET process driven through m-stacking interactions between n—electron-rich terphenyl
ligand and two aromatic rings from the atorvastatin. Neutral aqueous-phase dispersions of 1 allow for the detection of
atorvastatin in real pharmaceutical samples.The utilization of MOFs-based materials as luminescent sensors for selective
and sensitive detection of atorvastatin has not been explored till now.

Reports in the context of reticular chemistry have shown
that Zn-MOFs constructed with terphenyl-tetracarboxylic acid
(Hatptc) generate crystalline networks based on a [Zn,(COO0),]
complex as paddlewheel secondary building unit (SBUs). These

emitting crystalline solids based on supramolecular complexes
with a fascinating structural diversity, typically, these materials
are constructed by the combination of fluorescent multidentate
linkers and diamagnetic or lanthanide metal centers.# Of
particular interest are porous dl° transition-metal LMOFs
containing conjugated m-electron multicarboxylate ligands
owing to their functionality as host matrix materials,>? light-
emitting devices,214 materials for gas
adsorption/separation,’>17 catalysis,'®820 and as receptors of
small molecules.?!-22 Generally, d*® metal LMOFs with accessible
pore volumes undergo a guest binding-induced fast
photoluminescence change.,12.23-28

2 Instituto de Quimica, Universidad Nacional Auténoma de México. Circuito
Exterior, Ciudad Universitaria, Ciudad de México, 04510, México. E-mail:
adg@unam.mx

b-Red de Apoyo a la Investigacion, Instituto Nacional de Ciencias Médicas y
Nutricién SZ-Universidad Nacional Auténoma de México (CIC-UNAM)

¢ Centro Conjunto de Investigacion en Quimica Sustentable UAEM-UNAM,
Carretera Toluca-Ixtlahuaca Km. 14.5, San Cayetano, Toluca, Estado de México,
50200, México. E-mail: vsanchezm@uaemex.mx

tElectronic Supplementary Information (ESI) available: [details of any

supplementary information available should be included here]. See

DOI: 10.1039/x0xx00000x

materials are blue/green luminescent and possess well-defined
nanoporous'?%-17 or 1D channels'#?°-33 where the solvent
accessible volume is > 20% of the total volume.3?

Up to now, luminescent Zn-MOFs constructed with
derivatives of m-electron-rich terphenyl-carboxylate ligand have
proven to be useful in the quantitative detection of inorganic
ions,3! explosive nitroaromatic compounds,'#3032-35  gnd
pesticides.*36-37 However, optical detection of drugs with global
relevance such as statins practically remains unexplored.

Statins are among the most used drugs worldwide for
decreasing blood cholesterol and cardiovascular medication.3
39 Heart diseases are the leading cause of death worldwide and
commonly, are the result of coronary atherosclerosis. A central
factor of atherosclerosis is the accumulation of cholesterol in
arterial walls, making lipid modification critical to heart diseases
prevention.*0

The most used cholesterol-lowering statins in medical
purposes include sodium or calcium salts of atorvastatin,
fluvastatin, pravastatin, and rosuvastatin (Fig. 1).3¥8 Among
these drugs, atorvastatin is one of the oldest and worldwide-
prescribed because it has shown the highest lipoprotein
cholesterol lowering efficacy in humans at a maximum daily
dose = 80 mg.*?

Common analytic methods for the quantitative detection of
atorvastatin include electrochemical sensors,*>*> Raman
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rosuvastatin (RSV)

Fig. 1. Statins used as analytes in this study. Sodium salts for FLV/PRV and calcium salts for ATV/RSV.

spectroscopy,**4® electrophoresis,3® spectrophotometry*® and
chromatographic-mass spectrometry.384150-55 However, many
of these methods require considerable setup, analysis time
and/or high-cost instruments. While the need for direct, and
timely selective sensors for atorvastatin, capable of operating in
real samples is evident, so far, a very limited number of systems
have been described which are based on carbon nanotubes
functionalized with polypyrrole films,** Fe;O4-nanoparticles,*?
Au-nanoparticles,>® graphene,>” and zinc oxide®8 or by oxidative
coupling reactions with Ce(IV)-complexes.>®

Frequently, these electrochemical nanosensors show limits
of detection between 10* and, 10° M, and their sensing
mechanisms are based on the electro-oxidation reaction of the
pyrrole ring>”:% or oxidative reaction of aromatic fragments.>®
Consequently, they are not particularly selective and
interferences from other statins containing these rings such as
fluvastatin or pravastatin can be a problem.

Reports in the field of sorbent materials have shown that
the porous Zn(ll)-zeolite imidazolate framework-8 (ZIF-8) is able
to capture atorvastatin directly from urine.®! However, the
creation of a potent and selective luminescent sensor/receptor
for atorvastatin is an ongoing challenge.

Taking the highly m-electron-rich density, porosity, and
strong luminescent of d1°-MOFs with terphenyl derivatives, into
account we surmised that a sensitive atorvastatin sensor can be
achieved by a water-stable Zn-LMOF derivative of terphenyl-
tetracarboxylate where the selectivity can be driven through m-
ntstacking between mni-electron-rich surface of the ligand and the
fluorinated  aromatic  m-electron-deficient ring  from
atorvastatin.®?

With the objective of constructing the first example of a
metal-organic framework-based sensor for atorvastatin, we
have prepared a new luminescent Zn-MOF, 1 with selective
performance for atorvastatin sensing in agueous media and
pharmaceutical samples. The results obtained for this system
including synthesis, crystal structure, multiple spectroscopic
sensing studies, SEM-EDS characterization, and theoretical DFT
calculations are summarized below.

2. Results and Discussion
2.1 Structural description and characterization

By solvothermal method, the LMOF
{[Zn3(Htptc),]-(H,0)13:(CH3CH,0OH)3 1}, 1 was synthesized
through the reaction of Zn(OTf), with Hstptc ligand in DMF-
ethanol-water (v/v, 8/2/2) (Fig. 2A). Single-crystal X-ray
diffraction reveals that crystallized in a monoclinic C2/c space
group (Table S1). There are two crystallographically
independent Zn(ll) ions, each one is coordinated by six oxygen
atoms forming a distorted octahedral geometry (Fig. 2B). The
carboxylate oxygen atoms of two Htptc ligands link the three
Zn(ll) ions, generating thus trinuclear SBUs (Fig. 2C, for
schematic SBU see Fig. S1). The Zn-O bond lengths range from
1.996(5) to 2.428(6) A (Table S2).

Zn(ll)-based MOFs with tptc* ligand have recently been
described having paddlewheel dinuclear SBUs and different
topologies; {[Zn,(tptc)(aminopyridine),(H,0)]-H,0}, with a NbO
net,*? {[Zn,(tptc)(DMF)3]-(H20)4 (DMF)s s}, and
{[Zn,(tptc)(DMA)(H,0)]-(H,0)-(DMA)3 s}, (DMA=
dimetilacetamide) with dia an lon nets, respectively.3> Due to
the combining chelate bidentate, bridging monodentate and
oxo-bridging coordination modes of the carboxylate oxygen
atoms of Htptc3in 1, each SBU is bridged by eight Htptc ligands
(Fig. 2C) and each ligand is linked to four trinuclear clusters,
which results in a three-dimensional framework (Fig. 2C). The
network topology of 1 was studied by software package TOPOS-
PRO, which consists of a new underlying 4,6,7-c net and a new
3,3,8-c net in standard and cluster representations of valence-
bonded MOFs, respectively (Fig. 2D and Fig. $2).%3

In this assembly, there are connected oval-shape pores
along a-axis as shown in Fig. 3 and Fig. S3. SQUEEZE/PLATON
calculations®* yield a solvent accessible volume of 33.5 % of the
total volume; this is, 1886 A3 out of 5301.0 A3 per unit cell
volume. Further studies of voids in 1 were performed using the
Mercury software,’> which provided a representation of the
free volume available in the crystalline structure of 1 (Fig. 3 and
Fig. S4). The free volume is extended through the array;
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Fig. 2. a) Synthesis path for 1. Inset: 1 under irradiation at 365 nm UV illumination. b) Molecular structure of 1 (hydrogen atoms and lattice molecules
are omitted for clarity; ellipsoids shown at 50% probability). c) Trinuclear SBU of 1. d) 3-D framework of 1 (solvent molecules are omitted for clarity). e)

Simplified topology network of 1.

although the irregular channels seem small, they lead to
larger voids that have the peculiarity of having carboxylic
oxygen atoms exposed along the walls of these cavities.

Comparison of the experimental powder X-ray diffraction
(PXRD) patterns with those calculated from the crystal structure
of the as-synthesized 1 match well regarding to positions and
the relative intensities of the peaks (Fig. 3B), confirming high
phase purity, thus, this sample was used for further
experiments.

Elemental analysis (C, N, H) was consistent with the
composition of a single crystal of 1. Next, the chemical stability
of 1in an aqueous medium was carried out by PXRD and IR-ATR.
The main diffraction peaks of 1 in the range from 5 to 27°after
immersion in an aqueous solution containing 50% ethanol at
room temperature for 24 h are in good agreement with the
starting compound Zn-LMOF 1 as is depicted in Fig. 3B. The
water stability of 1 was also confirmed by FTIR-ATR
spectroscopy (Fig. S5).

The thermal analyses of 1 were measured in the
temperature range from 25 to 450 °C (Fig. S6), with a heating
rate of 10 °C per min under a N, atmosphere. The TGA profile
shows a weight loss of a calculated 13.28 % during the 120-
297°Cinterval which can be ascribed to the loss of 3.1 molecules
of ethanol and one water molecule. The percentage is
congruent with the estimated theoretical expected weight loss
from the solvent molecules (13.73 %).

The solid-state 3C cross-polarization/magic angle—spinning
NMR spectrum of 1 (Fig. S7) is consistent with the asymmetric
unit of the crystal structure and supports the purity of 1. The
spectrum shows four expected signals for the four
crystallographically independent atoms of -CO, in the range of
170 - 178 ppm. Similar solid-state '3C-atoms chemical shifts
have been observed with Zn-coordination polymers and Zn-
MOFs based on benzene-dicarboxylates.®® The six signals
located in the range 138 — 150 ppm can be ascribed to the

Please do not adjust margins
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b) 1 after storage in EtOH-H,O

1 as-synthesized

Intensity

1 simulated

025 154
4

10 20 30 40
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Fig. 3. a) Depiction of void surfaces for a packing section of 1. Atom codes: Zn (blue), C (grey), O (red) and H (white). b). Simulated (bottom) and
experimental powder X-ray diffraction patterns of 1 before (middle) and after (top) storage in aqueous media for 24 hours.

13Cquaternary atoms®” and, the intense and broad signals between
128 and 137 ppm can be assigned to aromatic 3CH atoms.®

In general, all peaks of the aromatic 13CH atoms are broad
and are not fully resolved, which makes their assignment
difficult. From the crystal structure of 1, the central phenyl ring
presents a rotational disorder that causes the signals to widen
(Fig. S8).67

Solvent-free form of 1 was successfully obtained by heating
at 90 °C under vacuum for 2 h. Comparison of the PXRD patterns
of 1 and its solvent-free form is in agreement with regard to
both positions and the relative intensities of the peaks
indicating good framework stability (Fig. $9). This fact is not
unexpected due to the structural rigidity of 1 and the weak
interaction with solvent molecules observed in its crystal
structure.

The TGA curve (Fig. S10) shows no obvious weight loss
between 25 and 310 °C which confirms the absence of the
lattice solvents in 1.

2.2 Luminescence study and sensing of statins

The luminescence spectra of 1 and free ligand (Hstptc) in the
solid-state were examined at room temperature (Fig. S11).
Upon excitation at 330 nm, 1 displays an enhanced blue
emission peak at 430 nm in comparison to free ligand with an
emission peak at 465 nm. This blue emission enhancement (=
34 nm) can be assigned mainly to ligand-centered electronic
transitions (IL) perturbed by the coordination of the m-
conjugated ligand to the Zn(l1) ions.3° The fluorescence intensity

enhancement of 1 can be assigned to the increase of the rigidity
of the ligand in the final crystal arrangement, which reduces the
loss of energy through non-radiative relaxation processes.8-6°

On the other hand, aqueous dispersions of 1, containing 80
vol. % ethanol, are blue-emitting mixtures with a maximum at
440 nm (Ae= 330 nm). The quantum yield (®p.) of the aqueous
dispersion of 1 is 32.51%, this value is higher compared to the
free ligand in ethanol-water (PpHatpre)= 14.25 %).7°

The emission spectra of the ethanol-water dispersions of 1
(20 uM) at pH= 7.0 before and after 24 h show no obvious
changes in luminescent intensities compared to the original
spectrum, indicating high stability. Thus, those conditions were
used for further studies.

Taking the m-electron-rich fragment, porosity, water-
stability, and luminescent performance of 1, into account, we

studied its utility as an optical sensor towards statins
containing fluorinated m-electron-deficient rings such as ATV
and FLV, additionally, other statins lacking those fluorinated
aromatic rings were investigated for comparison purposes. To
quantitatively sense the calcium salt of ATV, a fluorescent
titration experiment was carried in ethanol-water (v/v, 8/2) at
neutral pH. As shown in Fig. 4A, an efficient quenching response
(87%) of the aqueous dispersion of 1 occurs upon the
incremental addition of ATV in a micromolar concentration
range. The quenching effect can be quantitatively analyzed by
the linear Stern—Volmer (S-V) equation (1).

Iy

—=(1+ Kgy[analyte])

7 Eq. (1)
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I,/1= 142.463[ATV] + 0.9874

R?= 0.9963
= 400 b) ¥
- \OH ? e
i . L 813,
200 - Kgy= 1.424x105 M
1
g 6 ) 0.000 0.005 0.010 0.015
= [ATV] (mM)
<
% 4l
7 —_—
> Kgy= 1.402x105 ™!
J_\ K,= 2.208x10* M"
2
450 500 0.00 0.01 0.02 0.03
Wavelength (nm) [ATV] (mM)

Fig. 4. a) Emission spectra (Ae,= 330 nm) of 1 dispersed in ethanol-water (v/v, 8/2) at pH= 7.0 upon additions of increasing amounts of ATV calcium.
b) S-V plot at 440 nm, the solid line was obtained by fitting to Eq. (2). Inset: Solid line was obtained by fitting to linear S-V Eq. (1).

where Ksy (M) is the quenching constant, /, and | are the
luminescent intensities before and after the addition of the
analyte and [analyte] is the molar concentration of the target
species. Fig. 4B shows the S-V plot at 440 nm (Aex= 330 nm) with
increasing ATV concentration up to 35 uM. Notably, there was
a linear dependence of the luminescence intensity on the ATV
concentration in the range of 0 - 16 uM (Inset, Fig. 4B). This
linear data can be well fitted to /,//= 0.987 + 142.466[ATV], with
a correlation coefficient (R?= 0.9963).

In addition, the complete profile at higher concentration
shows a clear upward curvature, which is typically observed
when static quenching contributes to the effect involving a
specific binding between the receptor and the analyte.”’The

Zn-LMOF, 1
a) i
8 400 4 AcO', citrate, HyP,0;,
ATP, RSV and PRV
e
= L
= = 200
o
3
3 4
®
= 0 . .
o 400 450 500

Wavelength (nm)

LA R B
2 2 .2 .9
2 Q.99 .9 g
RS 6‘%0@@{?
&s5s

profile at high concentrations can be well fitted to the
theoretical equation (2) proposed by Fabbrizzi et al.,”? (Fig. 4B),
which considers a simultaneous dynamic and static quenching
process when the ground state complexation quenches the
emission completely and the receptor-analyte complex
practically does not emit.

Io
7= (1 + Ksy[analyte])(1 + K s[analyte]) Eq. (2)

In this expression, Ksy and K, correspond to quenching
(dynamic process) and apparent binding (static process)
constants, respectively. Ksy value of 1 by the addition of ATV is

1.402(+0.11) x 10° ML, The value of K is consistent both in the

8-
ATV

e B
c
o
i
T 4]
(1]
=0

" FLV

0.00 0.03 0.06

[statin] (mM)

Fig. 5. a) Relative emission intensities at 440 nm of ethanol-water (v/v, 8/2) dispersion of 1 upon additions of different anions ([X]sins= 100 uM). Inset:
The corresponding luminescence spectra (A., = 330 nm) at 25 °C. In all measurements, the ionic strength was adjusted to 50 mM of NaCl. b) Profiles of
emission titration experiments at 440 nm of 1 by ATV (0 - 35 uM) and FLV (0 - 62 uM). The solid lines were obtained by fitting the data to the Eq. (2).
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linear fit at low concentrations (< 16 uM) and, at high
concentrations. The apparent binding constant was estimated
with a value of K;= 2.208(+0.13) x 10* M, this finding is
interesting because suggests a binding-induced quenching
partial process between 1 and ATV.

The detection limit (LOD) of 1 towards ATV was calculated
by the equation 30/S,*” where o is the standard deviation of
luminescent intensity of blank for ten times and S is the slope
(Ksy) of the calibration curve obtained from concentration-
dependent luminescence intensity profile at 440 nm (Inset: Fig.
4B). LOD was estimated to be 4.21 uM.

As is shown in Table S3, the LOD of 1 is comparable to other
recent electrochemical and chromogenic sensors reported in
the literature.?24456-60.73-74 Next, the anion selectivity of 1 was
analyzed. Salts of an extensive series of anions including FLV,
PRV, RSV, inorganic oxyanions, organic (di)carboxylates, citrate
and ATP ([X]fina= 200 uM) were added to a buffered ethanol-
water dispersion of 1, and the emission intensity at 440 nm was
recorded. All oxyanions, carboxylates, PRV, and RSV gave a very
low response, Fig. 5A. The addition of FLV resulted in a modest
quenching in emission intensity, but it was still significantly
lower than that observed for ATV. The quenching fluorescence
parameters with FLV were also determined by a titration
experiment under the same conditions as in Fig. S12.

The S-V profile of FLV showed also slight upward curvature
at high concentrations, the fitting using Eq. (2) afforded a
quenching constant of 2 orders of magnitude lower than for

ATV (Ksy(FLV)= 6.68(+0.08) x 103 M1). The S-V profiles for both
statins are shown in Fig. 5B.

2.3 Selective and sensing performance for ATV

For practical applications, luminescent statin-sensors are
required to have not only a good optical response but also
selectivity in the presence of coexistent potential interferences
in physiological samples.”® Therefore, a selectivity experiment
of 1 toward common interfering species in blood plasma and
urine, such as D-glucose, creatinine, urea, L-proline, ATP, NaCl,
KCI, NH4CI, MgCl,, and HCO3", was carried out at neutral pH.

Addition of these species to an aqueous dispersion of 1
induced a negligible change of its emission as shown in Figs. 6A-
B. Fig. 6D shows that the quenching response at 440 nm
generated by ATV (/,/I= 7.5) is not affected by the background
ingredients of the common blood plasma and urine
demonstrating thus selectivity performance.

As a result, only ATV induces a strong quenching with color
change from blue to colorless under UV light (Fig. 6C). This
indicates that 1 can act as a visual sensor for recognizing ATV in
aqueous media. Undoubtedly 1 can potentially act as a
selective luminescent sensor for ATV in presence of interfering
species components of urine and blood plasma even in
pharmaceutical samples; however, the presence of other
components with a blue emission, specifically, in real blood
plasma as proteins or tryptophan derivatives could elicit an

Please do not adjust margins
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Table 1. Results of the luminescent sensing method of ATV calcium in pharmaceutical samples using 1 and HPLC-UV method.

Sample ATV labeled ATV found by luminescence using 1 Recovery (%) + RSD (%) ATV found by HPLC-UV
(mg/table) (mg/tablet)t! method
Eturion 20 20.00 18.86 94.03+2.3 18.98
Sortis 20 20.00 19.34 96.70+ 1.5 19.17

[a] Average of three measurements

interference. The reusability of 1 by removal of ATV was
investigated. After the detection experiments, 1 was immersed
in 10 ml of ethanol-DMF (v/v, 9:1) for 1 h at 40°C. Then, the
structural stability and emission properties were monitored by
PXRD and fluorescence spectroscopy. In general, the intensity
of blue-luminescence of 1 could only be recovered to 94% after
the first run and decreased steadily during 4 cycles to 76 % (Fig.
S$13) but could still be fully quenched by the addition of ATV
([X]= 100 uM) in each cycle. PXRD pattern of 1 after 4 cycles was
practically the same to that of the starting material, indicating
that structure was preserved (Fig. S14).

2.4 Determination of ATV in pharmaceutical samples

To probe the utility of 1, we have determined the ATV
concentration in pharmaceutical samples. ATV calcium salt

e
400 450

500 550

Wavelength (nm)

extraction and purification from commercial tablets were
carried out as described below.>®

A table of the corresponding pharmaceutical product
containing ATV calcium (Eturion 20 or Sortin 20, both from
Pfizer) was triturated, and dissolved in warm ethanol. After
ultrasonication for 20 min., the resulting mixture was filtered,
and effluent was collected. Then, the solvent was evaporated
until dryness, obtaining solid white powder corresponding to
ATV, which was characterized by FTIR-ATR spectroscopy and
used to prepare a stock solution in 50 mL of ethanol. For the
luminescent detection, a portion of this stock solution (50 pL)
was added to 1950 ulL of an ethanol-water (v/v, 8/2) dispersion
of 1 (20 uM) containing 50 mM of NaCl and 10 mM MOPS (pH=
7.0), and the emission intensity at 440 nm was recorded (Fig.
S15). The ATV concentration was then calculated using the
fitting equation derived from the S-V plot experiment (Inset Fig.
4B). A comparison between reported and determined ATV

b)

400
200
0
A N\ N N\ & D & &
(O O o § & &I
o & o -:\QS Q * & & @:"‘& q‘&\ & _‘;ﬁ‘
T V¥

Bwithout ATV

d) with ATV

400
200
0
O C o SR
o \*‘5' & & & Q‘é“ ™
g '_'Q Q (}q' N1

Fig. 6. a) Luminescence spectra. b) Intensities at 440 nm of ethanol-water dispersions of 1 at pH = 7.0 with several blood plasma and urine components.
c) the corresponding photographs under UV light at 254 nm. d) luminescence responses of 1 towards ATV in the presence of a background of several
blood plasma and urine species, 1.0 mM (bottom).
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were obtained ranging from 94.03 to 96.70 %, and the relative DOI: 10.1039/D2TC00291D

standard deviations (RSD) were less than 2.3 % which indicated
the proposed sensor could be used to analyze ATV in real
pharmaceutical samples. The luminescent method with 1 was
validated by an HPLC-UV quantification (Fig. S16).

2.5 Recognition mechanism investigation

The recognition mechanism of ATV by 1 was investigated by
spectroscopic tools, electron microscopy and DFT calculations.
The first evidence of the interaction process was obtained by
UV-Vis spectrophotometry measurements. Crystals of 1 (10 mg)
were immersed in 20 mL of an ethanolic solution of ATV (100
1M). Then, an aliquot (350 uL) of this solution was added to a
cell containing 2500 uL of ethanol and the absorbance was
recorded. The amount of this statin in the supernatant was
measured using the characteristic absorbance at 247 nm (log &=
4.674) over a period of 7 h. The results are plotted in Fig. 7A-B,
these clearly show a continuous decrease of the amount of ATV
in the supernatant, and this fact strongly suggests capture or
strong interaction process between MOF and the statin. The
quantity of recognized/captured ATV at the equilibrium was
computed using the following equation (3).7°

(Co - Ceq)V
Qeq = m Eq. (3)

where Q. is the amount of ATV captured by 1, (expressed in
mmol g1), Cy is the initial concentration of ATV (in mmol L), Ceq
(mmol L) is the concentration of ATV at the equilibrium, V (L)
is the volume of ATV solution and m is the mass of crystals that
we soaked (given in grams). By calculations the value of Q.4 for
recognized/captured ATV was 0.193 mmol g1

Next, FTIR-ATR spectrum and PXRD pattern of 1 soaked in a
water-ethanol concentrated solution of ATV for 24 h were
recorded. IR spectrum and the PXRD pattern of 1 treated with
ATV were very similar to that of the starting material, indicating
that the Zn-LMOF structure was preserved (Fig. $17-S18).
Therefore, the luminescence quenching is not due to the
structural decomposition of 1.

To study the fluorescence quenching process, the
fluorescence lifetimes of 1 before and after the addition of

Published on 15 March 2022. Downloaded on 3/16/2022 2:07:09 AM.

concentrate solution of ATV were measured. An ethanol-water
dispersion of 1 upon excitation with a 354 nm laser displayed a
biexponential decay with values of t,= 7.80 and t,=1.46 ps (Fig.
7B). Similar photophysical properties and values of
luminescence lifetime have been previously reported for a
structurally related MOF, [Zn,(tptc)(apy)z(H20),]-H.O (apy=
aminopyridine)  where  the microsecond  time-scale
luminescence is mainly attributed to singlet and triplet states
from the organic linker tptc.32

The lifetime of 1 after the addition of a concentrated
solution of ATV has a negligible change, in comparison with
original aqueous suspension, confirming that a static quenching
is dominant in the quenching mechanism.””

8| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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SEM images of 1 are shown in Fig. S19A, a crystalline
material with well-defined facets, edges and ends can be
observed, higher magnification micrographs revels flower-like
morphology formed from crystals assembly of individual MOF'’s.

In contrast, 1 after the contact with ATV is evident that the
morphology is altered, from triangular prisms to rough material,
formed with scales and agglomerates of different sizes, as can
be observed in Fig. S19B of the support information.
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Figs 7C-D show the EDS elemental chemical mapping of-1
before and after contact with ATV, respeetiNidlyl 7P SighaOwAth
a homogeneous distribution are observed in the as-synthesized
1, as it expected for this compound (Fig. 7C). The presence of F
and N signals in the EDS maps of Fig. 7D can be associated with
the absorption of the ATV, which is evenly distributed along all
the MOF structure. From this analysis is evident that the Zn-
LMOF-based sensor interacts homogeneously with the ATV
inducing a change in the morphology of the original material. To

b) 15000 . 1

10000 -{ig

I (cnts)

5000 -

04

Lifetime (us)

Fig. 7. a) Temporal evolution of UV-Vis spectra of ATV in the presence of crystals of 1 in ethanol. Inset: concentration changes of ATV in ethanol with
increasing time. b) Fluorescence decay profiles of 1 in neutral ethanol-water dispersion before and after the addition of ATV (A= 354 nm). c) SEM
images of the as-synthesized 1. d) 1 treated with ATV showing EDS mapping elements O and Zn before and O, Zn, F and N signals after the contact with

ATV solution.

This journal is © The Royal Society of Chemistry 20xx
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c)

Fig. 8. a) Interacting fragments for all calculations (ATV ball&stick style; 1 section tube style), isosurfaces for frontier orbitals: b) HOMO and c) LUMO.

gain further insight into the interaction mode and selectivity of
1 towards ATV, density functional theory calculations were
carried out using the Gaussian 16 suite programs’ at the CAM-
B3LYP/cc-pVDZ level of theory with a simulated solvent
(acetonitrile) under the SMD continuum model.

The interaction energy, Eint, was calculated with the NBO
Deletion (NBODel) formalism using the NBO3.1 program’® as
provided within the aforementioned suite.

A representative section of the MOF that includes the
asymmetric unit of the crystal (Fig. S20) was selected to
calculate their interaction with the analyte. The hydrogen
atoms of the 1 section were optimized at the DFT level of theory
mentioned above and the analyte was docked onto it manually
and later was fully optimized at the same DFT level to allow for
the analyte to freely move around the MOF section.

4-fluorophenyl and phenyl rings substituted at positions 2
and 3 of the pyrrole moiety respectively (see Fig. 1 for the
numbering of the structure) interact strongly with the central
phenyl ring of terphenyl ligand from 1 section.

A large interaction energy of 111.04 kcal/mol between
atorvastatin and the selected portion of the MOF as shown in
Fig. 8A, was obtained with the NBODel method.

However, given the fact that both HOMO and LUMO reside
on the Zn carboxylate moiety of the MOF section, this large
value stems mainly from electrostatic interactions m-type
stacking between the aromatic rings (Fig. 8B-C).

It is known that aromatic rings with electron deficiency have
a strong luminous quenching ability when are bound to LMOFs
through a photoinduced electron transfer (PET) process.808!

Thus, a static-complexation PET mechanism possibly in both
the excited and the ground state could explain the efficient
quenching process of 1 by ATV. Finally, the HOMO-LUMO gap
for the interacting fragments was estimated with a value of 3.2
ev.

3. Conclusions

In conclusion, we have reported for the first time the
selective and sensitive aqueous-phase detection of atorvastatin
using MOF-based system. The porous nature, hydrolytic
stability, and luminescent properties of Zn-MOF, 1 based on the
n-electron-rich terphenyl-3,3”,5,5"-tetracarboxylic acid ligand
have been utilized for designing a chemosensor that selectively
detects atorvastatin at the micromolar concentration range in
aqueous media at pH=7.0.

Under these conditions, the addition of atorvastatin calcium
exhibits a rapid and high luminescence quenching effect (Ks,=
1.402 x 10> M1) without the interference by other common
anions such as dicarboxylates, oxyanions, and ATP, even in the
presence of coexisting species in plasma and urine. The
detection limit was estimated to be 4.21 uM.

Based on the crystal structure of 1, spectroscopic titrations,
lifetime measurements, SEM-EDS analysis, and DFT calculations
the quenching process can be explained by a m-stacking PET-
static quenching possibly in both the excited and the ground
state.

Moreover, the Zn-MOF 1 can be used as an efficient
luminescent sensor for the practical detection of atorvastatin in
commercial pharmaceutical tablets.

Overall, these results highlight further the utility of
luminescent metal-organic frameworks for sensing globally
used drugs with potential application in real samples.

4. Experimental section

General Considerations. Chemicals, solvents, and
instrumentations are listed in the Supporting Information.
Synthesis of {[Zns(tptc),]-(H,0)13:(CH3CH,0H)3 1}, 1. A mixture
of [1,1:4',1"]terphenyl-3,3",5,5"-tetracarboxylic acid (50mg,
0.123mmol) and 2Zn(OTf), (89.46 mg, 0.246 mmol) in
DMF:H,0:EtOH (10:2:2 ml) was put into a 25 mL Teflon-lined
stainless steel reactor. The reaction mixture was heated at
110°C for 24 h, and slowly cooled to room temperature. The
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crystalline product of 1 was separated out by filtration, washed
thoroughly with DMF/Ethanol and dried in vacuum at room
temperature. Colorless crystals were obtained in 78% yield
based on Zn(OTf),.

Anal. Calcd for {[Zn3(Htptc),]-(H20)1.3-(CH3CH,0H)3 1}, 1
Cs0.21H43.2402041Zn3 C, 51.57; H, 3.72; N, 0.0. Found: C: 51.38; H,
3.85, N, 0.0.

Crystallographic investigations. The crystallographic data
and refinement details for 1 are summarized in Table S1.
Selected bond lengths and angles for 1 are listed in Table S2.
Data were collected on a Bruker APEX Il CCD diffractometer at
100 K; using Mo-K, radiation (k = 0.71073 A) from an Incoatec
ImuS source and a Helios optic monochromator.8? Suitable
crystals were coated with hydrocarbon oil, picked up with a
nylon loop, and mounted in the cold nitrogen stream of the
diffractometer.

The structures were solved using intrinsic phasing (SHELXT)
and refined by full-matrix least- squares on F2 using the ShelXle
GUI.83-84 The hydrogen atoms of the C—H bonds were placed in
idealized positions.

The compound 1 crystalized as non-merohedral twin with 2
domains and BASF parameter 0.14517, the hklf4 format file was
used to do the solventless refinement and use the
ZQUEEZE/PLATON tool while the file with hlkf5 format was used
to refine the proportion of solvent inside the crystal obtaining
3.10 of ethanol, 1.30 of water per unit of C44H,,01¢Zn3 as well
as to obtain the proportion of the two domains of the twin.

CCDC 2116896 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via
www.ccdc. cam.ac.uk/data request/cif.

Luminescence measurements. Luminescence spectra for
solid-state and aqueous dispersions of 1 were recorded on an
Agilent Cary Eclipse spectrophotometer equipped with a
crystal-holder and a cell thermostated holder with a quartz
cuvette, respectively. The as-synthesized 1 was dispersed (1
mgmL1) into a mixture ethanol/ double distilled water (v/v 8/2),
and this mixture was stirring for 20 min at 25 °C. Fluorimetric
titration experiments were carried out by adding aliquots of
stock solutions of statins (10 mM) to the buffered
ethanol/water (v/v, 8/2) dispersions of 1 (20 uM, pH = 7.0, 10
mM MOPS). After the addition of statins, the dispersion was
equilibrated for 3 min before recording the emission spectrum
(Aex= 330 nm) using a quartz cuvette. Luminescence quantum
yields were determined using an aqueous solution of quinine
sulfate containing H,SO, (0.5 M) as a standard (® = 0.546;
excited at 360 nm). For the determination of the quantum yield,
the excitation wavelength was chosen so that A < 0.05.7°

Fluorescence Lifetime Measurements. A custom-built
Fluorescence Lifetime Imaging Microscope system was used to
acquire the fluorescence lifetimes. A 354 nm picosecond laser
pulsed at 10 MHz (LDH-P-FA-355, PicoQuant) was focused with
a 0.40 NA reflective objective (LMM-40X-UVV-160,
ThorlLabs) into a 1.0 cm quartz cell containing the dispersion of
1 or directly on the crystalline sample in case of measurements
in solid-state. The epifluorescence passed through a 425 nm
long-pass dichroic mirror (Chroma T425lpxr-UF2), a 405 nm

This journal is © The Royal Society of Chemistry 20xx
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notch filter (Chroma ZET405nf), a 425 nm long pass emission
filter (Chroma ET425lp) and was focuS&d HolGinglél ghisteh
avalanche photodiode (PD-050-CTE, MPD). The laser controller
(PDL-800-D, PicoQuant) and the detector were connected to a
TCSPC card (PicoHarp 300, PicoQuant). The intensity of
irradiation was set to obtain less than 1% of detection events.
Back-scattered light from a mirror was used to obtain the IRF
under the same conditions of irradiation. All data were obtained
and treated in SymphoTime 64 software (PicoQuant). The
lifetime data were fitted by bi-exponential decay functions.

SEM-EDS. Morphological changes of 1 before and after the
contact with ethanolic solution of atorvastatin calcium were
evaluated by Scanning Electron Microscopy (SEM) on a JSM-
6510LV microscope from JEOL using the secondary electron
detector. For sample preparation, the specimen was dried
under room conditions and fixed on aluminum stubs with
conductive double-stick tape and then coated with gold under
vacuum using a Denton IV sputtering chamber. Elemental
chemical distribution analysis was performed with an energy-
dispersive X-ray spectroscope QUANTAX 200 from Bruker
attached to SEM.
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